than in poorly predictive animals 9 . The cell types that are most vulnerable to damage by drugs are present in the organoids, and the authors provide preliminary evidence to demonstrate that the system is indeed damaged by a known renal toxin. It is to be hoped that Takasato et al. will team up with toxicologists to perform a full-scale study on the screening potential of their system. The result could be a major step towards animal replacement and improved safety screening for drugs, as well as towards transplantable kidneys. ■
stem cell. A pioneering study 8 demonstrated that pluri potent cells called mouse embryonic stem cells can be persuaded to express genetic markers of the metanephrogenic mesenchyme and to integrate into host kidneys, albeit with low efficiency. Since then, however, despite incremental improvements, efficiency has continued to be a problem, and too many researchers have relied on marker expression alone as an indicator of success. Yet marker expression is no guarantee that cells will produce a safe, functional tissue -as exemplified by cancer cells that express markers of the tissue from which they arose.
Takasato et al. built on previous work to devise a protocol to efficiently turn human iPS cells into metanephrogenic mesenchyme and ureteric epithelium, with the correct balance of cell types (Fig. 1 ). Their advance was made possible by an improved understanding of the embryonic origin of the two stem-cell types: in particular, the realization that cells that will give rise to ureteric epithelium are exposed only briefly to Wnt signals, whereas those that will give rise to metanephrogenic mesenchyme come from cells that have been exposed for longer. Their protocol thus optimizes the duration of iPS-cell exposure to Wnt-mimicking drugs to produce a balance between the two stem-cell types that approximates the ratio seen in vivo. This is followed by exposure to FGF signals, as would occur in a human embryo.
When the researchers cultured the cells as a 3D aggregate, and provided a second, 'trigger' Wnt signal, the metanephrogenic mesenchymal cells developed into nephrons, and the ureteric epithelial cells became collecting ducts. The nephrons matured and produced a sequence of specialized segments that mimicked those in an embryo, along with the connective tissue and vascular progenitor cells that surround embryonic nephrons. Gene expression was comparable with that in first-trimester human fetal-kidney tissue. And the maturing nephrons took up labelled tracer molecules, suggesting that they are functional.
It is vital to emphasize that the result of this process is not a kidney, but an organoid. The structure's fine-scale tissue organization is realistic, but it does not adopt the macro-scale organization of a whole kidney. For example, it is not 'plumbed' into a waste drain, and it lacks large-scale features that are crucial for kidney function, such as a urine-concentrating medulla region containing mature forms of structures called loops of Henle and radially arranged collecting ducts. There is a long way to go until clinically useful transplantable kidneys can be engineered, but Takasato and colleagues' protocol is a valuable step in the right direction.
Even so, these kidney organoids may fulfil a different medical need -the ability to test drug safety on human kidney tissue, rather
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Conductive consortia
Physiological analyses, electron microscopy and single-cell chemical imaging suggest that direct electron transfer occurs between the members of methaneoxidizing microbial consortia. See Article p.531 and Letter p.587
mission of the greenhouse gas methane from the seabed is controlled by its anaerobic oxidation coupled with sulfate reduction. This globally important process, which consumes most of the methane released and thus regulates the climate on our planet, is often mediated by dense aggregates of two specialized microorganisms: anaerobic methanotrophic archaea and deltaproteobacteria. These bi-species consortia were discovered about 15 years ago 1 , but how the partners make a living from this low-energy-yielding process has been a mystery, although it has repeatedly been speculated that exchange of a diffusible metabolite between the partner microbes is essential [2] [3] [4] . Two papers in this issue challenge this hypothesis. McGlynn et al. 5 (page 531) demonstrate that the relationship between species intermixing and cellular activity patterns is inconsistent with transfer of a diffusible compound, and Wegener et al. 6 (page 587) show with physiological experiments that transfer of intermediates cannot explain the growth of the aggregates in culture.
Within the consortia, the anaerobic methanotrophic archaea (ANME) oxidize methane to carbon dioxide by reversing the classical pathway of methanogenesis 7 . This process is energetically favourable only if the resulting electrons are efficiently transferred to sulfate. Several hypotheses have been put forward to explain how this is achieved (Fig. 1) . One theory proposes 2-4 that electrons are transferred from the archaea to their deltaproteobacterial sulfate-reducing partners through the production and consumption of a diffusible metabolite, such as hydrogen, formate or methanethiol. This model is consistent with long-known strategies for electron transfer between microbial species, but experimental evidence that it occurs in this system is lacking.
An alternative model 8 , based on a wide array of experimental data, predicts that ANME can autonomously perform anaerobic methane oxidation by reducing sulfate (SO 4 2− ) to zero-valent sulfur (S 0 ). This reacts with environmental sulfide to form sulfur compounds that are used by the deltaproteobacteria, which act as commensal organisms -they benefit from the relationship without affecting the archaea. Although this model can explain the frequently observed occurrence of ANME in the environment without deltaproteobacteria 9 , the enzymatic machinery for sulfate reduction in ANME has not yet been discovered.
McGlynn et al. now use chemical imaging and isotope labelling to measure the metabolic activity of single cells in 62 consortia from deep-sea sediments at an active methane source, and show that cellular activity patterns are independent of the distance between partner cells. Furthermore, they find that the activities of entire aggregates are not related to the spatial distribution of the microbial members.
These findings are in marked contrast to theoretical predictions on activity patterns in multispecies consortia that are driven by the exchange of microbial metabolites. According to such predictions, inter acting species in close contact with each other would be more active than those separated by greater distances, and thus well-intermixed aggregates should be more active than poorly intermixed consortia. And in the alternative model, in which ANME reduce the sulfate and feed sulfur compounds to the deltaproteobacteria 8 , one would expect archaeal activity to be unrelated to bacterial activity, but that bacterial activity would still be higher the closer the bacterial cells are to the archaeal cells. This pattern was also not observed by McGlynn and colleagues.
Wegener et al. tested how the in vitro activity of consortia microbes enriched from a deep-sea sediment responded to the addition of various organic and inorganic compounds (including zerovalent sulfur) that could be produced by the ANME and consumed by the bacteria. Only the addition of hydrogen stimulated sulfate reduction in the cultures, suggesting that this is the only compound suitable for shuttling electrons to the deltaproteobacteria. Successful cultivation of the deltaproteobacteria alone with hydrogen as the only energy source confirmed this finding. However, the authors report that the level of hydrogen produced by the consortia when sulfate reduction is inhibited is too low to explain the growth of the deltaproteobacteria. Thus, although hydrogen may be used as a growth substrate for the deltaproteobacteria, it is clearly not the driver of anaerobic methane oxidation by the consortia.
But if interspecies metabolite exchange is not happening in these consortia, how might they jointly generate energy? Stimulated by previous speculations 3 , McGlynn et al. and Wegener et al. hypothesized that direct interspecies electron transfer (DIET) 10 occurs between ANME and their bacterial partner through electrical connections. This trick would enable the deltaproteobacteria to efficiently reduce sulfate through using the electrons generated by the archaea from methane oxidation.
McGlynn and colleagues present modelling data predicting that, in aggregates powered by DIET, there would be little correlation between the activity and the spatial distribution of cells of the two partner species, more in line with their experimental data.
DIET has recently been recognized as an alternative to interspecies transfer of diffusible intermediates such as hydrogen and formate 10 , and methane-producing microorganisms have been shown to accept electrons by this mechanism 11 . By analysing available genomic information for ANME and the deltaproteobacteria, the two research groups discovered genes encoding large multi-haem cytochromes (proteins that mediate electron transport) and type IV pili (cellular appendages), which are both hallmarks of organisms capable of extracellular electron transfer. Consistent with this finding, McGlynn and colleagues show that the extracellular space in the aggregates could be stained with a cytochrome-reactive compound, suggesting that conductive haem proteins are present between the ANME and the bacterial cells. Wegener et al. even managed to directly visualize nanowire-like structures, 10 nanometres thick and up to 1 mm long, that connect the ANME and deltaproteobacterial cells. These structures were not seen on the surface of the deltaproteobacteria in cultures without ANME, lending further support to their role in connecting the two partners.
The results presented in these two papers are a major advance in microbiologists' struggle to decipher the enigmatic metabolism of anaerobic-methane-oxidizing consortia, and they provide the first experimental support for DIET in these assemblages. One of the biggest remaining challenges is to prove this mode of interaction unequivocally. Can ANME grow on anodes (electronaccepting electrodes) without their bacterial partners, and if so, what mechanism do they use for electron transfer? Members of the consortia cannot yet be cultured in isolation or genetically manipulated, so it will not be a straight forward matter to further characterize the role of the multi-haem cytochromes and the type IV pili. A logical next experiment would be to identify the location of these molecules in the aggregates. Furthermore, it will be fascinating to investigate whether DIET enables partnerships of ANME with other microbes and provides access to electron acceptors other than sulfate.
With these findings, anaerobic methane oxidation becomes another hot candidate for the increasing number of processes recognized as being driven by electromicrobiology 12 . A pressing task now is to determine how widespread DIET is in the various known ANME and deltaproteobacterial partner lineages. Interaction strategies between microorganisms can be subject to rapid evolution, and it is thus conceivable that phylogenetically identical or closely related partner species use different modes of interaction 13 . ■ suggest that the same oxidation and reduction reactions take place, but that direct electron transfer occurs by means of electrical connections involving multi-haem cytochrome proteins and appendages called type IV pili. c, An alternative hypothesis 8 is that ANME oxidize methane but also reduce sulfate to zero-valent sulfur (S 0 ), which, after release, forms disulfide (HS 2 − ) in the presence of environmental sulfide. The deltaproteobacteria convert the disulfide to sulfide and sulfate, but, in contrast to the interactions in a and b, this activity is not necessary for powering anaerobic methane oxidation.
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